Vaccinia virus induction of a metabolic activity in host cell cultures forms the basis of a new assay for neutralizing antibodies. A direct relationship between the amount of vaccinia virus infecting cell cultures and the induced incorporation of tritium-labeled thymidine into the acid-insoluble fraction of the cells provided an indicator system. A liquid scintillation spectrometer was used to determine radioactivity associated with cell materials, and it provided a method for partial automation of an immunological procedure. Reproducibility of the method was satisfactory, and agreement with conventional vaccinia serum neutralization tests was demonstrated.
Investigations of virus-host cell physiology reported by Magee (10) have revealed that vaccinia virus, as well as certain other viruses, alter the intracellular concentrations of certain enzymes. Kit and his co-workers (5, 6, 7) have shown that infection of cell cultures with vaccinia virus induces thymidine kinase activity. They further demonstrated that cells made resistant to 5-bromodeoxyuridine were resistant because the enzyme, thymidine kinase, was deleted and that a virus-induced thymidine kinase activity resulted from infection of the cell with certain viruses. This phenomenon suggests that an incorporation of thymidine into deoxyribonucleic acid (DNA) of virus-infected 5-BUdRresistant cells would provide a measure of virus induction of this enzyme. Since synthesis of DNA can be measured by determining the amount of radioisotope-labeled thymidine that is incorporated into the acid-insoluble macromolecular material, a sensitive system is available for virus detection. This system provides the basis for a vaccinia serum neutralization procedure.
For titrating vaccinia-neutralizing antibodies in serum, various forms of a cell culture plaque reduction method are currently used. Middelhoven (11) has described procedures for determining serum-neutralizing titers for vaccinia by using tube cultures of monkey kidney cells. Andersen and Larsen (1) described a similar method with chick embryo cells, and Kitamura (8) described the use of a cell line, HeLa, in a plaque reduction system. Other cell systems have been used, and in each of the procedures, monolayer cell cultures were prepared in either petri plates, culture tubes, or other containers suitable for microscopic examination. The cultures are exposed to the free virus, which remains after incubation of a mixture of antiserum and a standard amount of virus. Resultant plaques are enumerated, and the antiserum dilution that causes a 50% reduction of plaque formation is usually designated the 50% neutralization titer (NT50) of the antiserum.
Regardless of the system used to quantitate virus, the reliability of neutralizing titers is directly related to the accuracy with which virus can be titrated. Plaque reduction tests uniformly employ visual enumeration of virus-induced foci of cytopathic activity. At best, the counting of small numbers of plaques imposes limitations on the accuracy and precision of the test. Another limitation is that detection of plaques is frequently difficult and requires a degree of skill in the differentiation of virus-specific cytopathic effects from nonspecific cell degeneration.
The vaccinia titration procedure described in this paper employs incorporation of a radioisotope-labeled precursor as an indicator system for virus activity, thereby permitting a semiautomated measuring system. This method improves the precision of measuring virus-induced cell response and effectively eliminates counting errors arising from subjective judgment. In all other aspects, the radioisotope method uses techniques which are standard immunological procedures. Radioactivity determination and materials. Tritiated thymidine (3H-TdR) with a specific activity of 6.7 c/mmole was purchased from the New England Nuclear Corp., Boston, Mass. Mixed "4C-labeled amino acids (14C-AA) with a specific activity of 40 mc/matom were obtained from the same source.
3H-TdR was used in the maintenance medium at a concentration of 1 Juc/ml, and 14C-AA was added to the growth medium at a concentration of 0.005 ,uc/ml. The mixed amino acids were incorporated into the growth medium to measure cell material when the 5-BUdR-resistant cells were planted in scintillation counting vials. Radioactivity associated with a dually labeled cell monolayer was determined with a model 3375 Packard liquid scintillation spectrometer. In all determinations, the cellular material in standard low-potassium glass vials was covered with 10.0 ml of a scintillation mixture (0.5% 2,5-diphenyl-oxazole, 0.03% 1,4 bis [2-(4-methyl-5-phenyloxazolyl)] benzene in toluene). The radioactivity resulting from the background was determined with cell cultures that had been prepared for counting, but which had not been exposed to radioisotopelabeled precursors. Radioactivity was recorded ascounts per minute.
Vaccinia strain. The Connaught strain of vaccinia virus was selected for use in these investigations. It was received from Connaught Laboratories, Toronto, Canada, as lyophilized calf lymph material. The virus was passaged in HEp-2 cell cultures and stored as frozen tissue culture material.
Inoculum preparation. Vaccinia inoculum was prepared by a method suggested by A. W. Downie (personal communication). Monolayer cultures of HEp-2 cells were inoculated with approximately 6 X 105 plaque-forming units of vaccinia per 32-oz (946 ml) bottle and incubated until complete cytopathic effect was evident. The cells were frozen and thawed once and sonically treated for 10 min in a 10-kc Raytheon sonic oscillator; next, the cellular material was sedimented at 170 X g for 10 min. The pellet, composed of cell debris, was rinsed once with fresh maintenance medium. The pooled supernatant fluid was centrifuged at 34,850 X g for 1 hr, with a Spinco no. 30 rotor.
After centrifugation, the pellet was resuspended in a diluting fluid composed of a citrate-phosphate buffer (12) , containing 40% glycerol and 2% fetal calf serum. The virus material was resuspended in a volume of diluting fluid sufficient to yield a 10-fold concentration of the initial material.
Finally, the virus suspension was sonically treated for 20 min, dispensed in ampoules, and stored at -20 C. The virus was stored under these conditions for 1 year without detectable loss of virus activity. Immediately before the virus stock was diluted for use in neutralization test procedures, a measured volume of the suspension was removed from a lot of stock suspension and was sonically treated for 3 min. This procedure assured uniform dispersion of virus particles in successive experiments.
Performance of titration. A standard virus dilution curve was established with each lot of vaccinia virus. Dilutions were chosen so that the range of 3H-TdR incorporation into the cells would produce a 20-to 30-fold increase of 3H-TdR uptake above the uninoculated control level. With the lot of Connaught strain of vaccinia virus used in this study, twofold serial dilutions were made, starting with an initial dilution of 1:125. The 1:125 dilution contained 3.1 X 105 plaque-forming units per ml.
The standard virus input for serum neutralization determinations was the amount of virus contained in the 1:250 dilution of the stock virus. Equal volumes of a 1:125 virus dilution and antisera dilutions were mixed. Antisera were appropriately diluted according to the anticipated antibody activity. After admixture VACCINIA SERUM NEUTRALIZATION of the diluted virus and antisera dilutions, all specimens, including the standard virus dilutions, were incubated for 2 hr at 37 C. Comparative studies of various periods of incubation indicated that after 2 hr maximal virus-antiserum neutralization was attained with a minimum of nonspecific virus inactivation.
The cell sheets were washed once with PBS prior to the addition of the virus-antiserum mixtures to the scintillation bottles containing 14C-labeled cells. A 1-ml amount of each virus dilution or virus-antiserum mixture was added to replicate cultures and was allowed to adsorb 2 hr at 37 C. After the adsorption period, the virus or virus-antiserum mixtures were removed from the culture bottles. Preparatory to the addition of the isotope-labeled DNA precursor, each culture was rinsed twice to remove unadsorbed virus and unreacted antiserum. Maintenance medium (1 ml) containing 1.0/Ac of 3H-TdR per ml was added to each culture, and the cultures were incubated at 37 C for 16 hr.
Virus activity was determined by measuring the amount of 3H-TdR incorporated into the cell material during incubation in the presence of the labeled precursor. The spent medium was removed, and the cell material attached to the bottom of the scintillation bottles was prepared for radioactivity determinations. The general procedure for labeling, fixing, and extracting the cell material is described in an accompanying report (13) .
Since 14C-AA uptake was employed as a function of the total cellular material, the amount of 3H-TdR incorporated into the acid-insoluble cell material was expressed as counts per minute of 3H-TdR divided by the counts per minute of 14C-AA. Thus, the 3H-14C ratio was used in all calculations of vaccinia serum neutralization.
RESULTS
Virus-3H-TdR uptake. The effect of virus dosage and incubation time upon the induction of 3H-TdR incorporation was considered. To explore the possibility that multiple cycles of enzyme activity induction may take place, several dilutions of the Connaught strain virus stock (1:50, 1:100, 1:200, 1:400, and 1:800) were used to infect a series of cultures. The infected cultures were incubated for a period equivalent to several virus generation times. Figure 1 shows quantitated, the induction of enzyme activity must be related to the quantity of cells contained in each culture. Although equal volumes of cell suspension were dispensed in each culture bottle, some variation in cell multiplication existed. The following methods were available for estimating the number of cells involved in cell-virus reaction: (i) trypsinization of the cells and enumeration by counting in a hemocytometer counting chamber, (ii) digestion of cells and determination of cell protein, and (iii) labeling of the cells during the growth period with 14C-AA. Each of these methods was evaluated. Labeling of the cells with '4C-AA offered the most convenient method because 14C radioactivity may be determined at the same time that 8H-radioactivity is determined. Furthermore, the scintillation spectrometer used in this study automatically calculates the ratio (counts per minute) of 3H to 14C. The In the pH range of 6.6 to 7.8, virus-induced incorporation of 3H-TdR into acid-insoluble materials increased as the pH was increased (Fig.  2) . In each of the virus-dilution curves presented in this figure, 3H tion from parallelism; however, the deviation was seldom sufficient to greatly influence the calculated serum neutralization titers. The point on the virus-5H-TdR incorporation curve which represented a 50% reduction in induced 8H-TdR incorporation was determined, and a line parallel to the abscissa and passing through this point was established. By interpolation of the point at which the 50% reduction line intersects the antiserum dilution curve, the NT50 value was obtained. The NT50 is the dilution of the antiserum in the virus-antibody mixture which causes a 50% reduction of 5H-TdR incorporation into the acid-insoluble material of the host cells (Fig. 3) .
In some determinations with sera of unknown titers, the selected dilutions of antisera did not permit the 5H-TdR incorporation to reach the level of a 50% reduction. In these cases, it was necessary to extrapolate the curve so that it would pass through the 50% reduction level in order to determine the NT50. This procedure gave satisfactory results with sera of high titer.
Reproducibility. The reproducibility of the titers obtained by this method was examined by performing replicate NT50 determinations with the same serum specimen using both successive lots of cell cultures and cultures of the same cell lot. First, six separate but identically prepared series of antiserum dilutions were titrated in cell cultures produced in a single lot. The NT50 was determined from each separate series of serum dilutions ( Table 2 ). The arithmetic mean of replicate NT50 determinations performed with a single antiserum was 1:250, and the range was 1:286 to 1:220. A second series of NT50 determinations was performed with the same antiserum but different lots of AV3-BUdR-resistant cell cultures (Table  2 ). Both the range of NT50 values and the mean were nearly the same as those obtained with replicate determinations with a single lot of cells.
Effect of virus concentration. Observations of successive trials indicated that the levels of 5H-TdR incorporation induced by a calculated constant amount of vaccinia virus varied somewhat from one trial to the next. The variation could have been caused either by differences in successive lots of host cells or by differences in numbers of infectious virus particles introduced into the neutralization system. In either case, the effect of this observed variation upon the measured NT50 values must be considered. In the preceding section, it was shown that the NT50 values obtained with different cell lots were relatively constant.
The effect of varying the amount of virus input in the antibody-virus mixture was examined. Three concentrations of virus were used in separate NT50 determinations for four antisera (Table  3) . Some variation in the titers was noted; however, in no case did the values deviate more than 420% from the mean. Since neither high nor low virus input caused uniform concomitant changes in NT50 values, it was evident that the deviations were unrelated to the virus concentrations employed in the assay system.
Comparison of radioisotope method and plaque reduction methods. Four antisera, obtained from adults who had been vaccinated annually for several years, were assayed for vaccinia-neutralizing activity by the radioisotope method and by a conventional plaque reduction method. The results of the comparison (Table 4) logical assays. Although the number of trials for comparison are too small for statistical consideration, the differences appear to be random and unrelated to the method by which they were obtained.
DISCUSSION
The vaccinia serum neutralization procedure described in this paper employs virus induction of cellular biosynthetic activity as an indicator system. Quantitation of the induced cellular activity is facilitated by measuring the amount of a radioisotope-labeled nucleic acid precursor that is incorporated into cell material. Vaccinia virus induced incorporation of 3H-TdR into the acid-insoluble material of 5-BUdR-resistant-AV3 cells (Fig. 1) . These cells are normally deficient in their ability to incorporate the DNA precursor into DNA. Although direct enzyme determinations were not performed, the biosynthetic reaction induced by the virus was considered to reflect the induction of thymidine kinase activity, the initial step in the incorporation of 3H-TdR into DNA. Previous investigations (5, 6, 7) have shown that vaccinia virus induced thymidine kinase in 5-BUdR-resistant cells.
A direct relationship was demonstrated between the amount of virus infecting a cell culture and the induced incorporation of the labeled precursor into the acid-insoluble fraction of the infected cells ( Fig. 2 and 3 ). This dose-response relationship of the reaction forms the basis of the proposed serum neutralization procedure. Except for this indicator system, all other aspects of the procedure are similar to the methods and concepts of conventional immunological tests for measuring virus-neutralizing antibodies. The metabolic activity of different lots of cells varied from day to day. Thus, the ability of different lots of cells to incorporate labeled precursor varied considerably from one cell lot to the next; however, the relationship of virus dilution to 3H-TdR uptake remained remarkably constant from experiment to experiment. A linear expression of the relationship over a 10-to 15-fold range of virus concentrations resulted when the logarithm of 3H-TdR incorporation was plotted against the logarithm of the virus dilution or the logarithm of the reciprocal of the antiserum dilution in the case of vaccinia neutralization studies. However, the neutralization curves resulting from mixing serial dilutions of antiserum with a fixed amount of virus deviated from linearity in the portions of the curve approaching either 0 or 100% neutralization. Similar observations were reported by Boulter et al. (2) , Cutchins et al. (3) , and Middelhoven (11) in the plaque reduction method for serum neutralization tests. The use of an arbitrary neutralization end point, equivalent to a 50% reduction in the virus-induced uptake of 3H-TdR-incorporation, obviated involvement of nonlinear portions of the curves. The serum dilution (NT5o) equivalent to this end point was determined by graphic interpolation.
Although an extensive comparison of neutralizing titers determined by this method and the plaque reduction method will be reported later, limited studies indicate that the two methods were in agreement (Table 4) . In these experiments, the NT50 for adults who had been vaccinated annually were in the range of 150 to 300. This is the same range of neutralizing titers reported by Cutchins et al. (3) for a similar group of vaccines.
The radioisotope method described offers considerable flexibility in the design of the test procedures in both the length of incubation and the amount of virus input for neutralization. Since significant IH-TdR incorporation was induced after 6 to 8 hr of incubation (Fig. 1) , the incubation period could be shortened. The amount of tritium uptake may be increased by increasing the amount of tritium-labeled thymidine added to the maintenance medium, and a further increase may be effected by employing somewhat greater virus concentrations. These changes would be of value if it were desirable to shorten the total time for the neutralization test procedure.
The cell line used in this study was the only host system employed; however, other satisfactory cell systems may be available. Presumably, any cell line which can be infected by vaccinia virus and which demonstrates a low rate of 3H-TdR incorporation would be a satisfactory host system for this procedure.
Finally, the radioisotope method for vaccinia neutralization determinations has several points of merit which recommend it for general use. The amounts of radioisotope-labeled materials are small, and the cost is only a few cents per determination. The number of determinations is A6 APPL. MICROBIOL.
on August 14, 2017 by guest http://aem.asm.org/ Downloaded from limited only by the counting capacity of the liquid scintillation spectrometer. This aspect of the volume of determinations may be controlled by adjusting the amount of radioisotope used in the system. Increased amounts of labeled precursor will permit significant counting statistics to be obtained in a shorter period of time; hence, the counting capacity may be increased.
Scintillation spectrometers in use in most laboratories incorporate automatic sample changing and data recording functions, and some instruments offer computer capability. In any case, the data produced by the radioisotope neutralization test are presented in a form readily adaptable to computer calculation of NT50 results. The proposed method offers a system for partial automation of an immunological procedure.
Probably the most important advantage of the method is that it eliminates the necessity for a trained individual to enumerate virus-specific cytopathic lesions in a cell sheet. Thus, it also eliminates a major element of error, for a degree of subjective judgment is practiced by the most highly trained observers.
